Introduction
Breast cancer is a group of heterogeneous diseases with different clinical and histological forms (1) . The molecular and clinical heterogeneity of breast cancer renders it necessary to identify biomarkers of clinical outcomes so that patients can be treated with the most appropriate chemotherapeutic protocols (2) . Therefore, identification of biomarkers that will predict breast cancer to chemotherapeutic drugs is important for the future development of individualized treatment for patients with breast cancer.
Poly(ADP-ribose) polymerases (PARPs) constitute a family of enzymes that catalyze poly(ADP-ribosylation) of DNA-binding proteins and perform a key role in the regulation of transcription, genome stability, energy metabolism, tumorigenesis and cellular responses to DNA damage (3, 4) . The PARP superfamily is composed of 17 members, of which PARP-1, PARP-2 and PARP-3 are activated by DNA strand breaks and serve an important role in the repair of single strand breaks and/or double strand breaks (DSBs) (5-7). PARP-1, the most studied member of the PARP superfamily, has been reported to be overexpressed in numerous malignant tumors, including breast cancer, and is associated with invasiveness and poor clinical outcomes (8) (9) (10) (11) (12) (13) . In addition, it is well-known that the a combination of PARP inhibitors and DNA damaging chemotherapy, can increase tumor responses and improve the survival of triple-negative patients with breast cancer compared with chemotherapy alone (14) . Most importantly, PARP inhibitors are particularly efficient against tumors with defects in DNA repair mechanisms, including tumors with breast cancer gene (BRCA) mutations (15, 16) .
Despite having similar functions in the regulation of cellular responses to DNA damage, PARP-3 exhibits structural and functional differences from PARP-1 (17) . Although PARP-3 shares a conserved C-terminal region with PARP-1, it has a shorter N-terminal region than PARP-1. PARP-3 also exhibits different N-terminal functions, including DNA binding or DNA-dependent activation (18) . In addition, it has been reported that knockdown of PARP3, but not PARP1, results in an increase in the production of DSB induced by ionizing radiation (19) . However, unlike PARP-1, less is known about the role of PARP-3 in breast cancer. Bieche et al (20) reported that the mRNA expression of PARP-3 was under-expressed in 10.4% of patients with breast cancer and this PARP-3 under-expression was mutually exclusive with overexpression of PARP-1. To date, the protein expression of PARP-3 in patients with breast cancer has not yet been investigated. It remains to be determined whether the protein level of PARP-3 is consistent with its mRNA level in breast cancer.
In the present study, the expression of PARP-3 was investigated in 493 breast cancer samples and 54 tumor-adjacent control samples using immunohistochemistry. The present study aimed to analyze the association of PARP-3 expression with clinicopathological features, chemotherapeutic responses and prognosis of patients with breast cancer.
Patients and methods
Ethics statement. The present study was approved by the Medical Ethics Committee of China Medical University (Shenyang, China). Due to the retrospective nature of the study, the Medical Ethics Committee waived the requirement of written informed consents by the patients.
Patients. The present study included human breast tissues from 493 female patients with breast cancer, who underwent surgery at the First Affiliated Hospital of China Medical University between January 2005 and October 2010. A total of 54 samples adjacent to the tumors outside the cancer loci were collected as controls. The diagnosis of breast cancer was confirmed by pathological staining. Histological evaluation of 54 samples adjacent to tumors exhibited no histological tumor-associated features.
The average age of patients with breast cancer was 51.3±10.6 years (range, 20-82 years). The histological grade of the cancer was determined according to the World Health Organization grading system (21, 22) . The stage of the cancer was evaluated according to the tumor-node-metastasis (TNM) staging system (22) . Clinicopathological data, including patient age, menopausal status, tumor size, lymph node metastasis, p53 status and BRCA1 status were retrospectively retrieved from medical records.
All patients did not undergo radiation therapy and chemotherapy prior to surgery. Following surgery, 291 patients received cyclophosphamide/doxorubicin or epirubicin/5-fluorouracil (CAF/CEF) and 95 patients received CAF/CEF and docetaxel (CAF/CEF and D). The remaining 107 patients received other chemotherapeutic regimens containing docetaxel or cisplatin alone or in combination.
Immunohistochemistry. Tissue sections (4 µm) were fixed with 4% formalin at room temperature for 48 h and paraffin-embedded tissue blocks for immunohistochemical staining. Sections were deparaffinized with xylene, rehydrated in a graded alcohol series of 100 and 95% (Sinopharm Chemical reagent Co., Ltd., Shanghei, China) at a concentration of 100, 95, 85, 75, 65% and H 2 O and sections were put into 3% citric acid-sodium citrate buffer (pH=6.0) and heated in a microwave oven at 100˚C for 10 min to retrieve the antigen. Endogenous peroxidase activity was blocked by incubating the sections in 3% H 2 O 2 at 37˚C for 20 min. Sections were subsequently blocked to avoid nonspecific binding with 10% normal goat serum (Boster Biological Technology, Pleasanton, CA, USA) at 37˚C for 30 min and 
Evaluation of immunohistochemistry.
The immunostained sections were examined under the light microscope (magnification, x200; select 3 fields/view) by two pathologists blinded to the experimental conditions. The intensity of immunoreactivity was scored as follows: 0, no staining; 1, weak staining; 2, moderate staining and 3, strong staining. A percentage scoring system was used to assess the number of stained cells and the scores were assigned by using 5% increments as previously reported (23, 24) . The final scores were used to determine the cutoff value for discriminating tumors with the high expression of PARP-3 from tumors with the low expression, using receiver operating characteristic (ROC) curves. The sensitivity and specificity for the survival of patients with breast cancer was plotted to generate ROC curves.
Statistical analysis. Analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Pearson's χ 2 or Fisher's exact probability tests were used to evaluate the association between PARP-3 expression and clinicopathological characteristics of patients with breast cancer. Survival probabilities were estimated by the Kaplan-Meier method and assessed by a log-rank test. Univariate and multivariate Cox proportional hazards regression models were used for assessing the association between potential confounding variables and prognosis [overall survival (OS) or disease-free survival (DFS)]. OS was calculated as the time between the first day of diagnosis and disease-associated mortality or last known follow-up. The disease-free survival (DFS) was calculated as the time between the first day of diagnosis and the occurrence of local recurrence or distant metastasis. P<0.05 was considered to indicate a statistically significant difference. Follow-up information was available for 493 patients with breast cancer. During the follow-up period of 9-118 months, relapses occurred in 85 cases and cancer-associated mortalities were identified in 55 cases. The 5-year survival rate was 88.0%. The mean OS and DFS times were 66.3 and 63.7 months, respectively.
Results

Clinicopathological characteristics of patients with breast cancer.
PARP-3 overexpression in breast cancer.
The expression of PARP-3 was studied in 493 breast cancer samples and 54 tumor-adjacent control samples using immunohistochemistry (Fig. 1) . PARP-3 was mainly expressed in the nucleus. Nuclear expression of PARP-3 was observed in 234 (47.5%) of Selection of the cutoff value for PARP-3 expression. ROC curve analysis was performed to determine an optimal cutoff score for PARP-3 expression in breast cancer samples. Based on DFS time data, a cutoff score of 57.5% was selected for PARP-3 expression (Fig. 2) . Tumors with immunohistological scores ≥57.5 and <57.5% were defined as tumors with high and low PARP-3 expression, respectively. A total of 234 (47.5%) tumors exhibited high expression and 259 (52.5%) tumors showed low expression.
Association of PARP-3 expression with clinicopathological characteristics of patients with breast cancer.
The association between PARP-3 expression and clinicopathological characteristics of patients with breast cancer was investigated (Table II) .
Age, menopausal status, tumor size, tumor type, TNM stage, lymph node metastasis, p53 status and BRCA1 status were not significantly associated with the expression of PARP-3. High PARP-3 expression level was associated with histological grade II-III (P=0.012) when compared with PARP-3 low expression level.
Association of PARP-3 expression with the survival of patients with breast cancer. The association of the PARP-3 expression with the OS or DFS in patients with breast cancer was evaluated using Kaplan-Meier analysis and log-rank test. PARP-3 overexpression was significantly associated with shorter DFS time (P=0.027) (Fig. 3A) . Although PARP-3 expression exhibited a tendency toward shorter OS, no statistically significant difference was observed (P=0.183) (Fig. 3B) .
The association of PARP-3 expression with the OS or DFS in breast cancer patients with different BRCA1 statuses was then investigated. In BRCA1-negative patients, PARP-3 expression was not significantly associated with the OS or DFS (P>0.05) (Fig. 4A and B) . However, in BRCA1-positive patients, PARP-3 expression exhibited a tendency toward shorter OS, but this association was not statistically significant (P=0.095) (Fig. 4C) . PARP-3 overexpression was significantly associated with shorter DFS time (P=0.004) (Fig. 4D) . Furthermore, there was a greater association between the combination of high PARP3 and BRCA1 expression and shorter OS (P=0.055) (Fig. 4E) (Table III) . Age (P=0.041) and tumor size (P=0.042) were also identified to be significantly associated with the OS of patients with breast cancer. In addition, PARP-3 overexpression was significantly associated with shorter DFS time of patients with breast cancer (P=0.029; Table III ). Furthermore, multivariate Cox regression analysis (Table IV) indicated that TNM stage (RR=5.665; P<0.001), menopausal status (RR=2.535; P=0.045) and PARP-3 (RR=1.944; P=0.008) were independent prognostic factors for shorter DFS time. TNM stage (HR=9.75; P<0.001) and histological grade (HR=2.592; P=0.004) were independent prognostic factors for shorter OS in patients with breast cancer.
Association of PARP-3 expression with therapeutic responses in patients with breast cancer.
The association between the level of PARP-3 expression and therapeutic responses in patients with breast cancer receiving chemotherapy was examined. PARP-3 overexpression was significantly associated with shorter DFS time in patients with breast cancer with CAF/CEF treatment (P=0.006) (Fig. 5A ), but not significantly associated with DFS (P= 0.171) (Fig. 5B ) in patients with CAF/CEF+T treatment. Although PARP-3 overexpression exhibited a tendency toward shorter OS in patients with breast cancer with CAF/CEF treatment, no statistically significant difference was observed (P=0.088) (Fig. 5C ). In addition, PARP-3 expression was not significantly associated with OS (P= 0.420) (Fig. 5D ) in patients with CAF/CEF+T treatment.
Discussion
It is well known that DNA damage, if not repaired properly, can lead to genetic instability, which may increase the development of cancer (25) . Previous studies have shown that PARP-3 serves an important role in DSB repair (7, 19) . However, the role of PARP-3 in breast cancer tumorigenesis remains to be determined. In the present study, tissue-microarray-based immunohistochemistry was performed to examine PARP-3 expression in 493 patients with breast cancer and 54 tumor-adjacent control samples. It was revealed that PARP-3 immunoreactivity occurred more frequently in breast cancer samples compared with control samples, indicating that PARP-3 overexpression may contribute to the development of breast cancer malignancy. Similarly, several studies have shown that PARP-1, the most studied member of PARP superfamily that is also involved in DNA damage repair, is upregulated in numerous tumors, including breast cancer (8) (9) (10) (11) (12) (13) . These findings indicated that the DNA damage repair function of PARP-1 and PARP-3 may be important for cancer development. However, Bieche et al (20) reported that the mRNA expression of PARP-3 was under-expressed in 10.4% of patients with breast cancer. The difference between the study by Bieche et al and the present study may be due to different methods, since the Table II . Association between PARP-3 expression and clinicopathological features of patients with breast cancer. or Fisher's exact. PARP-3, poly(ADP-ribose). polymerase-3; TNM, tumor-node-metastasis; BRCA1, breast cancer susceptibility gene 1.
PARP-3 expression, n (%) ----------------------------------------------
mRNA levels of PARP-3 detected by Bieche et al may not reflect the protein level of PARP-3 examined by the present study.
The association between PARP-3 expression and clinicopathological features in patients with breast cancer was analyzed in the present study. It was revealed that PARP-3 overexpression was associated with more differentiated (histological grade I-II) tumors. It is likely that PARP-3 is upregulated in response to an increase in DNA breaks during tumor cell differentiation, and PARP-3 upregulation may promote repair of DNA damage in tumors, thereby increasing cancer progression and development. Consistent with this hypothesis, PARP-3 overexpression was also found to be significantly associated with shorter DFS time and exhibited a tendency toward shorter OS in patients with breast cancer. Similarly, PARP-1 overexpression has been reported to be associated with poor prognosis in patients with breast cancer (12, 26) . Furthermore, it was found that PARP-3 overexpression is an independent prognostic factor for shorter DFS and OS in patients with breast cancer. Therefore, PARP-3 may be used as a potential biomarker for clinical outcomes of patients with breast cancer.
Eukaryotic cells have two repair pathways to repair DSB: Homologous recombination and non-homologous end joining (NHEJ) (27) . PARP-3 in combination with aprataxin and PNKP-like factor accelerates NHEJ (28, 29) , and BRCA1 is known to be a central component in homologous recombination (30) (31) (32) . Furthermore, Beck et al reported that PARP-3 performs a key role in determining the choice between homologous recombination and NHEJ pathways in the repair of DSB (33) . In the present study, it was indicated that PARP-3 overexpression was significantly associated with shorter DFS time and exhibited a tendency toward shorter OS in BRCA1-positive patients with breast cancer. Additionally, the combined high expression of BRCA1 and PARP-3 was associated with shorter DFS and OS in patients with breast cancer compared with non-combined BRCA1 and PARP-3 expression. Therefore, for tumor cells with high expression of BRCA1, PARP-3-overexpressing cells may able to repair DNA damage more efficiently compared with PARP-3 deficient cells, thus leading to prolonged survival of the tumor and poor prognosis of the patients with cancer. However, it was found that PARP-3 expression was not significantly associated with the OS or DFS in BRCA1-negative patients with breast cancer. The findings that PARP-3 overexpression was significantly associated with the shorter survival time in BRCA1-positive, but not BRCA1-negative, breast cancer patients suggest that the role of PARP-3 in breast cancer may depend on BRCA1 status. Therefore, PARP-3 inhibitor may be a novel strategy for the treatment of BRAC1-positive breast cancer patients with PARP-3 overexpression. Table IV . Multivariate Cox regression analysis of overall survival and disease-free survival in breast in patients with breast cancer.
Disease-free survival
Overall survival Table III . Univariate Cox regression analysis of overall survival and disease-free survival in patients with breast cancer. It is known that chemotherapeutic drugs can induce DNA damage, and DNA damage repair may affect the outcome of therapy (34) . In the present study, the association of PARP-3 expression with therapeutic responses in patients with breast cancer receiving CAF/CEF chemotherapy was examined. It was revealed that PARP-3 overexpression was significantly associated with shorter DFS time, and exhibited a tendency toward shorter OS in patients with breast cancer who received CAF/CEF treatment. The present findings suggested that tumors with PARP-3 overexpression exhibited resistance to chemotherapy, possibly by an increased ability of DNA repair. Furthermore, PARP-3 overexpression was not significantly associated with DFS and OS in patients with CAF/CEF+T treatment. It appears that addition of docetaxel inhibited PARP-3-induced drug resistance in patients with breast cancer. It has been reported that docetaxel can cause cleavage of PARP in breast cancer cells, melanoma cells and ovarian cancer cells (35) (36) (37) . Taken together, the present results suggested that docetaxel may induce cleavage of PARP-3, thereby reducing PARP-3-induced drug resistance and improving the survival of patients with breast cancer with PARP-3 overexpression.
In summary, PARP-3 expression was investigated in 493 patients with breast cancer, and the association of PARP-3 expression with the clinicopathological feature, therapeutic responses and prognosis of patients with breast cancer was analyzed. It was found that PARP-3 expression was significantly increased in breast cancer tissues compared with tumor-adjacent tissues. PARP-3 overexpression was associated with poor outcome of patients with breast cancer, particularly in BRCA1-positive patients. Furthermore, it was found that PARP-3 overexpression was associated with shorter survival time in patients with CAF/CEF chemotherapy, but not in patients with CAF/CEF+T chemotherapy, indicating that inhibition of PARP-3 by docetaxel may increase the survival of patients with breast cancer. PARP-3 may be used as a biomarker for predicting the clinical outcome of patients receiving chemotherapy, and targeting PARP-3 may be a potential therapeutic strategy for the treatment of breast cancer with PARP-3 overexpression.
